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Design ofAssistive Paratrooper Landing Device

By K. Charlton, J. Scott, J. smith, and L. Wakeman

The University of Tennessee
Department of Mechanical, Aerospace, and Biomedical Engineering

ankle brace design. Each component of the brace is discussed
in detail, and the benefits and drawbacks of the team's design
are addressed.
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II. Materials and Methods
The method utilized by the team includes compiling
previously published studies regarding parachute landing fall,
the injuries sustained by paratroopers, previously used paralanding protection devices, and investigation of materials and
specifications that can be utilized to improve upon current
para-landing protection device designs.

K. Chariton, J. Scott, J. Smith, and L. Wakeman
The University of Tennessee, Department of Mechanical,
Aerospace, and Biomedical Engineering

A) Parachute Landing Fall
To create a brace effective at reducing landing injuries
while skydiving, it was necessary to examine the physics
involved in parachuting. The maximum vertical falling speed
achieved under normal parachute operation can be used to
determine maximum axial forces that a jumper's legs must be
able to sustain upon landing. Between the two common types
of parachute, round styles fall more quickly than wing styles,
and are less maneuverable [1]. Round parachutes, therefore,
were examined to evaluate maximum falling speed. The T10D round parachute commonly employed by the US military
falls between 18-21 feet per second (5.5-6.4 meters per
second) at landing [2].

Abstract
In the Armed Forces, paratroopers are among those with
the highest risk of serious injuries. The majority of these
injuries occur to the lower extremity and are caused by
inversion of the ankle. Wearing an ankle brace should
help to reduce the number of those injured while
paratrooping.
By researching parachute landing fall
technique and currently used paralanding protection
devices, a new device can be designed to address the
disadvantages of current models. The brace prevents
inversion and eversion of the ankle, restricts dorsiflexion,
and is comfortable and collapsible. The device includes a
foot plate, two ankle spars, two leg spars, a restrictor
hinge, and various straps to hold the leg in place. The
primary material is acrylonitrile butadiene styrene (ADS),
and neoprene foam, nylon and Velcro will be used as
secondary materials. Prototype dimensions are based on a
165 lb subject wearing size 10.5 regulation military jump
boots.
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B) Nature o/the Injury
In designing a para-landing protection device, it is
imperative to understand the nature of the injury sustained
from parachute landings. Because original research in this
area was not feasible for the team, the team relied on
previously published studies and research regarding the
biomechanics of parachute landing fall and common injuries,
The team research included determining the majority of
injuries sustained, angles of injury threshold for dorsiflexion
and inversion, and typical angles of dorsiflexion, inversion,
and impact force sustained during parachute landing fall.
Table 1 shows a compilation of injuries reported in one
study of unbraced paratroopers [7],

ankle

I. Introduction
Paralanding is a dangerous, yet necessary, technique used
by the Armed Forces. It can result in many injuries, and 3060% of the injuries which occur during parachute landing fall
are related to the ankle/foot/leg portion of the body. To
address this problem, an ankle brace was designed for
paratroopers to wear. This brace must allow ample plantarand dorsi- flexion while preventing eversion and inversion of
the ankle. A stopping point was designed for the plantar- and
dorsi- flexion to obtain maximum protection. The brace is to
be worn over the jump boots and is collapsible for easy
storage.
While researching previous models, it was evident that
many controlled experiments have been completed in regard
to this subject.
Literature was available regarding the
mechanics of parachute landing fall, the injuries sustained
during parachute landing fall, and the effectiveness, design
and evaluation of current devices.
This paper addresses the research conducted in order to design
a new para-landing protection device as well as a finalized

Table 1. Incidence of Injury among unbraced jumpers (n
376, 'um s = 1849)

=

Foot fractures
Lower limb contusions
Lower limb (all in' uries
Back strain
Head in'u
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plastic supports which are connected to a V-shaped piece that
wraps around the back of the boot. Various straps secure the
pieces to each other and the boot. A schematic of the Aircast
ankle brace is seen in Fig. 1.

This study shows that the vast majority (80% in this case)
of injuries sustained by paratroopers are lower-limb injuries.
Of those, 43.75% were ankle inversion sprains. This led the
team to believe that an ankle brace preventing angle inversion
would be the most effective form of a para-landing protection
device.
A second study employed the biomechanical finite
element model to reproduce the parachute landing fall and
examine resulting injuries. This study, led by Kash Kasturi et
ai, examined the peak impact forces, peak dorsiflexion angle,
and peak inversion angle of paratroopers wearing no brace,
internal laced footwear, a form fit ankle brace, or an Aircast
ankle brace, as well as the effects of landing speed, load
carriage, and terrain slope on these forces and angles. Table 2
represents the data collected regarding impact forces and peak
angles while not wearing an ankle brace and landing at a
velocity of 4.75 m/s.
Table 2. Forces and Peak Angles Sustained
while not wearing Ankle brace
Time to peak impact 1
0.014 sec
Peak impact 1
7.50 (times body
weight)
Time to peak impact 2
0.033 sec
Peak impact 2
8.88 (times body
weight)
75.0 degrees
Angle of dorsiflexion
Angle of inversion
27.0 degrees

19ure 1 . A'lrcast A n kle B race
Number in Image
Device Part
12
Side Wall
16
U-shaped member
17
Backqfshoe
18,20,22
Straps
Heel qfshoe
31
32
Boot
Shoe portion
33
Top Portion
34

36
38

Table 3, also from Kasturi's studies, shows the injury
tolerances for the lower extremity.
Table 3. Injury tolerances [8]
Part Criteria

Bod~

40,42
90

Tolerances

The Aircast
mentioned study
angles sustained
model are shown

Ankle
Dorsiflexion (degree)
+/- 45
Ankle
Inversion (degree)
+/- 35
Ankle/foot Axial Force (N)
6,750
Femur
Axial Force (N)
10,000
Side F orce(N)
Pelvis
9500
From Table 2 and Table 3, it can be calculated that an
ankle/foot axial force of 6,750 N or greater is sustained when
a 170 pound individual lands at a velocity of 4.75 m/s. This
suggests that, in addition to inversion ankle sprains, there is
also a threat of injury as a result of impact force.

Le~

Ankle
Screws
Cavity for malleolus

ankle brace was included in the previously
completed by Kasturi et al. The forces and
by paratroopers while wearing the Aircast
in Table 4 [8].

Table 4. Forces and Peak
Aircast brace
Time to peak impact 1
Peak impact 1
Time to peak impact 2
Peak impact 2
Dorsiflexion angle
Inversion angle

C) Para-landing Protection Devices
In order to understand what improvements are needed in
the field of para-landing protection devices, it is necessary to
be familiar with current models. There are currently two
patented para-landing protection devices.
The first is a prophylactic ankle brace patented by Aircast,
Inc. in 1993 . This device is intended to be worn over standard
military boots and stabilize the ankle against extreme
inversion/eversion while allowing normal plantarflexion and
dorsiflexion. The device is composed of medial and lateral

Angles Sustained while wearing
0.012 sec
6.46 (times body weight)
0.032 sec
9.08 (times body weight)
27.0 degrees
15.0 degrees

It can be seen that the Aircast brace greatly reduces the
angles of dorsiflexion and inversion sustained by paratroopers
during parachute landing fall. This particular study also
evaluated the effectiveness of other protective devices for
parachute landings, including internal laced footwear and a
modified "form fit" ankle brace. The results of the testing
show that dorsiflexion and inversion are reduced as ankle
brace stiffness increases.
However, as the angle of
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A) General Design
The aforementioned research guided the team in
developing a design for a new ankle brace. Figure 3
represents the simplified Computer Aided Drafting (CAD)
drawing of the resulting paratrooper landing protection device.
Four elements are deemed necessary to the intended product.
First, the jump boot attachment is located at the bottom of the
brace, depicted here in grey. The brace must be held to the
sole of the boot and function to transfer the impact force away
from the point of contact. These forces must be appropriately
transferred to an ankle segment, which is pictured in yellow.
The forces are then transferred up the longitudinal uprights,
pictured in red. In order for the individual to have the
mobility necessary to both land and walk/run, a hinge must be
placed at the ankle, at the junction of the foot and leg
segments. In order to dissipate the forces back to the body
above the ankle, a contact is needed between the brace and the
lower leg. This is shown in blue and represents a cushioned
strap. By relocating the impact forces away from the ankle, a
paratrooper's risk of ankle injury is greatly reduced.

dorsiflexion is reduced, the impact force is increased. Finding
a proper balance of inversion reduction and impact force
reduction is a primary objective of current designs. It should
also be noted that the Aircast design was reported by study
participants as uncomfortable [8].
The second patented para-landing protection device is
impact absorbing soles for parachutists, patented in 1997 by
the Secretary of the U.S. Army. Each impact absorbing sole
consists of three layers adhesived together and fastened via a
hook and loop to an overshoe. The layers may be made of
urethane foam, microcellular ethylene vinyl acetate
polyethylene foam, a viscoelastic plasticized polyurethane
polymer, or a viscoelastic urethane rubber polymer. Although
no studies have been published regarding the effectiveness of
the impact absorbing soles, it is conveyed in the patent
summary that the U.S. Army conducted studies that suggest
impact absorbing soles to successfully reduce the impact force
during parachute landing. A schematic drawing of the impact
absorbing soles is shown in Fig. 2.

/160

B) Prototype Specifications
The primary material for the device is Acrylonitrile
butadiene styrene (ABS). This will be used to construct the
foot plate, ankle spars, and leg spars. Secondary materials
include nylon and Velcro straps, neoprene foam for
cushioning, and industrial adhesive.
The prototype was constructed for a 165 pound person
with a male shoe size of 10.5. From this size jump boot,
certain dimensions were known, including the foot plate
length, 13 cm, foot plate depth, 11.5 cm, and ankle spar
height, 9.5 cm.
The leg spar depth and length were
determined using a sum of moments method, as described in
the "Discussions" section of this report. These parameters
were found to be 6.6 cm and 2.2 cm, respectively.

84

8S

19ure 2. l mpact Absor b'mg S0 Ies
Number in Image
Device Part
80
Sole embodiment
82
Toe strap
83
Medial strap
84
Ankle strap
86
Heel Strap
88
sole

D) Resources for Design Ideas

Knowledge regarding the nature of paratrooper InJunes
and current protection devices is essential in determining
appropriate design modifications. The team also found it
important to discuss para-landing protection devices with
someone who understood the importance of para-landing
protection designs, a paratrooper. The paratrooper shared
valuable insight relating to material selection and product
design. The product should be lightweight, made of a material
that does not make noise, and conducive to tarmac, water, or
soft earth landings. Furthermore, the product needs to be
comfortable, allow for easy removal and storage, and be
flexible enough so that, if need be, the paratrooper can move
from the landing site to safety while still wearing the device.

III. Results
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optimum axis of rotation. By applying a limitation to the angle
of rotation, the hinge also prevents hyper-dorsiflexion. This
feature will be controlled by a removable restrictor to allow
complete rotation when desired. An important use of the
removal of this feature will be the collapsibility of the device
by folding it at the hinge. A CAD drawing of the hinge lock is
seen below in Fig. 4.

With restrictor
disengaged,
motion is
unconstrained

Figure 4. Hinge Lock.
When in place, this restricts
dorsiflexion to protect the joint while landing.
When
disengaged, the device will have the ability to fold at the
hinge, allowingfor easy storage.

Figure 3. Ankle Brace Design. a) Computer-aided Drafting
Model. The grey portion represents the attachment site to the
boot. A hinge is located at the junction of the yellow a red
portions, just at the ankle. The blue segment represents a
cushioned strap. b) Photo of the constructed prototype.
Padding and velcro/nylon straps as described in section IV
(Discussion) are visible.

The primary leg supports are attached to the foot segment
at the ankle hinge. They function in stabilizing the leg and
preventing inversion of the ankle during parachute landing
fall. A cushioning material will be inside the leg supports to
provide more comfort to the user. An adjustable strap will be
located just proximal to the ankle hinge, to aid in keeping the
leg in the proper place.
The leg attachment, seen in blue in Fig. 3, is used to
secure the device to a position proximal of the ankle. This
allows the impacting force to be transferred away from the
ankle, thus minimizing injuries to this area. The ventral side
of the component will be rigid, and made from the same
material as the side walls of the brace. This will protect the
tibia and hold the brace in place during parachute landing fall.
The dorsal side of the component will be an adjustable strap.
A comfortable, yet strong, cushioning will cover both front
and back of the attachment.

IV. Discussion

A) The Design
In designing the prototype, the team considered
mechanical aspects, feasibility, and comfort. The overall
product intends to both minimize the impact forces delivered
to the ankle and prevent extreme rotations of the joint. Each
component of the design serves an integral purpose that
contributes to the success of the product.
In order to secure and properly align the brace to the foot
and ankle, an attachment must be made to the bottom of the
jump boot. This component must be able to ensure that the
force of impact is transferred away from the ankle. There are
many possible designs that can maximize both of these
matters. The team chose to design a plate that extends from
the back of the heel to the arch in the foot, as represented by
the change in contour of the sole of the jump boot. This would
allow for the maximum absorption of forces due to the greater
surface area of contact at the point of impact. A strap,
extending across the top of the foot between the two ankle
spars, will be used to secure to the boot in place.
Adjacent to the boot attachment is the ankle segment.
This segment must be made to transfer the force away from
the boot to the upper portion of the device without fracturing.
The team chose to use a triangle-shape for this component of
the design, believing it will be most effective at dissipating the
forces while withstanding any torque associated with
parachute landing fall. The length of this section will be such
that the hinge located at the ankle is positioned at the most

B) Material Selection
Given the required balance between strength and weight
when constructing a skydiving brace, material selection for the
frame of the device was a major concern. Possible materials
were confined to polymers due to the high strength-to-weight
ratio, low cost, and ease of processing into a final working
product. To help the ankle withstand axial impacts, the frame
material must be strong in compression. To strengthen the
ankle against inversion and eversion, the material must be
strong in flexure. Therefore, relevant data were acquired and
summarized in Table 5. Elastic modulus was also investigated,
but less variation was seen between candidate materials than
for flexural modulus. Therefore, the additional data were
omitted.
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Table 5: Frame Material Selection
Polymer
Flexural
Strength (MPa)
Type
[3]
Nylon 6
Polycarbonate
Polyethylene
Terephthalate
(PET)
Polypropylene
(PP)
Polystyrene
Polyvinyl
Chloride (PVC)

Flexural
(GPa) [3]

Modulus

Yield
Strength
(MPa) [4]

Toughness
(MPa*m l/2) [4]

Cost ($US/kg) [4]

85
90

2.3
2.3

44.8 - 58.6
62.l

2.5 - 3.0
2.2

4.40 - 6.00
4.85 - 5.30

80

1

59.3

5.0

1.90 -2.10

40

1.5

31.0 - 37.2

3.0-4.5

0.85 -1.65

70

2.5

---

0.7 - 1.1

1.00 - 1.10

100 [5]

2.5 [5]

40.7 - 44.8

2.0-4.0

~0.77

Emphasis in evaluating materials was placed primarily on
modulus and strength values to allow the device to withstand
the greatest amount of force without permanent deformation.
However, polymer toughness was also given consideration to
prevent excessive transfer of energy to the ankle joint in the
case of a catastrophic failure of the device. Cost was not
weighed in consideration, as processing costs are likely to far
surpass raw materials cost in the construction of the prototype,
regardless of the material selected. Under these criteria,
polycarbonate was seen to be the most suitable polymer for
the frame material, due to balanced values that are high across
the board. Polyvinyl chloride (PVC) and polyethylene
terepthalate (PET) were shown to be good backup selections
in case polycarbonate is later found to be unsuitable for this
device. Relevant data were collected concerning possible
polymers to use in the construction of the body of the brace.
Likely failure modes were determined to include collapse
under compression and fracture under flexure.
Although the group intended to use polycarbonate as the
primary material for this device, Acrylonitrile butadiene
styrene (ABS) will be used instead because it is readily
available to the team and a comparable substitute for
polycarbonate. The properties of ABS can be seen in table 6.

Table 6: ABS Properties
Tensile Strength
Compression Strength
Flexural Strength
Flexural Modulus

[6]

straps used to hold the leg and foot in place will be made of
Velcro and nylon.
C) Dimensions

To construct the prototype, several dimensions had to be
calculated. To dimension the stainless steel pin supporting the
ankle hinge, mechanics of materials calculations were used.
The pin was assumed to be a cylinder of unknown radius,
suffering a shear load across its cross-section equal to a
representative jumper's full weight. In this case, this weight
was assumed to be 1651b, and represents a worst-case scenario
of a jumper landing with all his weight on one side of one
foot. A factor of safety of three was used, and the shear yield
stress of 304 stainless steel was found to be 186 MPa.
Calculations are shown below, along with a schematic
drawing (Fig. 5) of the pin cross-section with important
dimensions labeled.

r

29.647 MPa
62.052 MPa
63.4318 MPa
2.068 GPa

y'

N eun-a! ..A..xis

Figure 5: Schematic of ankle pin cross-section. The neutral
axis passes through the center of the circular section. To
properly determine the radius as a function of shear stress,
area and distance to the centroid of half of the cross-sectional
area had to be calculated. The shaded area represents this,
and is equal to A'.

In addition to determining the proper material for the base
and side supports, the team also investigated material options
for prototype accessories. Stainless steel was chosen to
construct the pins necessary to hold together the separate
components. Stainless steel has high strength and good
corrosion resistance. In regards to a cushion material, the
team chose neoprene foam, a flexible, durable rubber.
Polyurethane adhesive will be used to attach the neoprene
foam to the interior of the leg supports. Polyurethane adhesive
was chosen because it is weatherproof and economical. The

V is the shear force experienced, and is defined as the weight
of the jumper: 165 lbf, or 735.75 N. The pin radius is
represented by r. The area of half the cross-section is A', being
defined as
~

-='l\.
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(Eq. 1),

and the distance from the center of the circle to the centroid of
the half-circular section is y', being

:

(Eq.2).

(Eg.8)

I, calculated as

and

(.~ = '(Eq. 3),

:

8

is the moment of inertia for a half-circular section. Q and tare
derivative values,

:
(Eg.9),

fr= 2 (Eq.4)

Q~ ")(

:

2(r

) -

3

are combined and maximized at the maximum compression
strength of ABS, 62.052 MPa. In the above equations, cr is the
normal stress, BW is body weight, 165 lb in this case, IF is the
impact force, assumed to be 14, a is cross sectional length, r is
radius of cylinder protrusion, cry is the bending moment about
the y axis, I is the moment of inertia, and crx is the bending
moment about the x axis. In equations 7-9, the impact force is
multiplied by three to account for a factor of safety of three.
U sing these equations, the mimimum necessary crosssectional length is found to be 2.2 cm, and the minimum crosssectional depth is 6.6 cm.

)

3

(Eq. 5)

and they are used as shown in equation 6 below. The shear
yield stress of 304 stainless steel was found to be equal to 186
MPa; 'trnax was set to three times this value, or 558 MPa, to
account for the factor of safety of three. The final equation is
thus
(Eq.6),
and solving for the radius of the pin given the aforementioned
values yields r = 0.0010579 m or 1.0579 mm.
This shows that any hinge pin radius larger than about 1
millimeter will be enough, even in a worst-case scenario, to
withstand the impact force of a standard skydiver landing on
the ground feet-first.
The prototype is dimensioned to fit a size 10.5 regulation
military jump boot. The foot plate, leg and ankle height
dimensions were derived directly from the boot
measurements. The length and depth of the leg spar were
calculated using a standard analysis of the stresses sustained
upon impact.
To solve this problem, the following assumptions were
made: 1) The impact force is applied to the corner of the foot
plate; 2) The depth of the leg spar cross-section is three times
that of the cross section length; 3) The radius of the cylinder
protrusion located at the ankle hinge is equal to one fourth of
the cross section length; 4) The impact force is equal to
fourteen times the subject's body weight; 5) The foot is at an
angle of dorsiflexion of 45 degrees, the maximum allowed by
the restrictor.
To solve for the minimum necessary cross sectional
length and depth, the normal stress, defined by

D) Testing
Using an Instron universal materials testing instrument
the failure of the device will be assessed. Three sets of
prototypes will be placed between the force plates and
compressed until fracture. The first will be straight
perpendicular to the boot plate. The second and third will be
positioned to the greatest flexion the restrictor will allow. The
testing will be conducted at a impact rate of 1 mls or the
fastest the instrument will load. The maximum compressive
force will then be collected and compared to the impact force
seen by the foot of a paratrooper.

v.

Conclusion
A design was created for an ankle brace to prevent injury
during parachute landing fall. Research of the p~ysics of a
parachute landing fall allowed the device to be calibrated for
appropriate forces that will be sustained during impact.
Typical injuries encountered by paratroopers, as well as the
shortcomings of competing ankle brace designs, were also
researched and considered during the design process. Possible
materials were researched, and material selections were made
based on strength in compression, strength in flexure, elastic
modulus, toughness, and availability.
Final prototype
dimensions were based on the size of the jump boot and an
Prototype
analysis of stresses sustained upon impact.
construction was completed at the Center for Musculoskeletal
Research laboratory at the University of Tennessee.

(Eg.7),
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